In most aerobic organisms hemoperoxidases play a major role in H 2O2-detoxification, but trypanosomatids have been reported to lack this activity. Here we describe the properties of an ascorbate-dependent hemoperoxidase (TcAPX) from the American trypanosome Trypanosoma cruzi. The activity of this plant-like enzyme can be linked to the reduction of the parasite-specific thiol trypanothione by ascorbate in a process that involves nonenzymatic interaction. The role of heme in peroxidase activity was demonstrated by spectral and inhibition studies. Ascorbate could saturate TcAPX activity indicating that the enzyme obeys Michaelis-Menten kinetics. Parasites that overexpressed TcAPX activity were found to have increased resistance to exogenous H 2O2. To determine subcellular location an epitope-tagged form of TcAPX was expressed in T. cruzi, which was observed to colocalize with endoplasmic reticulum resident chaperone protein BiP. These findings identify an arm of the oxidative defense system of this medically important parasite. The absence of this redox pathway in the human host may be therapeutically exploitable.
T
he protozoan parasite Trypanosoma cruzi, the causative agent of Chagas' disease, infects 16-18 million people in Latin America (1) . Only two drugs, benznidazole and nifurtimox, are currently available and these drugs are unsatisfactory because of limited efficacy and toxic side effects. With no prospect of a vaccine, the search for parasite-specific traits exploitable in terms of chemotherapy is a priority (1) . It has been reported that trypanosomatids have a limited ability to deal with reactive oxygen species (2, 3) . In the parasite these are generated by endogenous processes and as a result of external influences such as host immune responses and drug metabolism. Together with observations that some mechanisms of oxidative defense in trypanosomatids are distinct from those of the mammalian host, this finding has encouraged the view that components of this system could provide targets for drug design (4, 5) .
In contrast to most eukaryotes, T. cruzi lacks catalase and selenium-dependent glutathione peroxidases, enzymes capable of rapidly metabolizing high levels of H 2 O 2 (2, 4, 5) . Instead it has an array of enzyme-mediated mechanisms in which the trypanosomatid-specific thiol trypanothione (N 1 ,N 8 -bisglutathionylspermidine) plays a pivotal role. In a redox cycle analogous to the glutathione͞ glutathione reductase system, trypanothione is maintained in the reduced form (T[SH] 2 ) by the activity of trypanothione reductase (TR) at the expense of NADPH (4, 6) . T[SH] 2 can then facilitate the flux of reducing equivalents to either tryparedoxins, a family of thioredoxin-like molecules, or glutathione. In their reduced state, tryparedoxins and glutathione can transfer electrons to peroxidases. Four distinct peroxidases have been identified in T. cruzi. Each exhibits differences in subcellular location, substrate range, and electron donor. Two of these enzymes are 2-cys peroxiredoxins. They are localized in the cytosol (TcCPX) or mitochondrion (TcMPX) (7) and efficiently scavenge H 2 O 2 and small-chain organic hydroperoxides. The remaining enzymes show extensive similarity to glutathione-dependent peroxidases (8, 9) . One, TcGPXI is present in both the cytosol and the glycosome. The second, TcGPXII is found in the endoplasmic reticulum (ER). The peroxidase activity of these enzymes can be linked to the oxidation of T[SH] 2 by glutathione, although tryparedoxin can also act as electron donor to TcGPXI (10) . The ability of TcGPXI to use electrons from different donors may reflect the absence of one of the intermediaries in the glycosome. TcGPXI and TcGPXII seem to play specific roles in oxidative defense because both can detoxify fatty acid and phospholipid hydroperoxides but do not have activity toward H 2 O 2 .
In mammals, ascorbic acid is involved in several important physiological reactions including collagen formation and iron absorption (11). However, its major function is as a powerful antioxidant (11, 12) . In plants, it has a pronounced role in oxidative defense, acting as an electron donor to the heme-containing ascorbate peroxidase (APX) family of H 2 O 2 -detoxifying proteins (13) . These enzymes have been located in all oxy-radical-generating compartments in plants, with multiple isoforms identified (14) . In T. cruzi, significant levels of ascorbate and its oxidized form, dehydroascorbate (DHA), have been detected and previous studies have identified a microsomal-associated ascorbate-dependent peroxidase activity (2, 15, 16) . Here we show that T. cruzi expresses an unusual plant-like ascorbate-dependent hemoperoxidase whose activity is linked to the trypanothione system.
Materials and Methods
DNA and RNA Extractions. T. cruzi epimastigotes were grown as described (17) . Transformed T. cruzi were maintained in the same medium with 200 g ml Ϫ1 of G418. Genomic DNA was isolated by the proteinase K͞SDS method and total RNA prepared by guanidinum thiocyanate lysis (18) .
Heterologous Expression and Purification of His-Tagged TcAPX. Escherichia coli BL-21, transformed with the plasmid pTrcHis-APX, were grown in NZCYM broth containing 50 g⅐ml Ϫ1 ampicillin, 1 mM ␦-aminolevulinic acid, and protein expression induced by isopropyl ␤-D-thiogalactoside (8) . His-tagged TcAPX was affinity purified on a Ni-NTA column (Qiagen, Chatsworth, CA). Each step was performed in the presence of protease inhibitors (Roche Molecular Biochemicals) and 100 M ascorbate. Protein concentrations were determined by bicinchoninic acid assay system (Pierce).
Enzyme Activity. TcAPX activity was measured by following the change in absorbance at 290 nm due to ascorbate oxidation. A standard reaction (1 ml) containing 50 mM sodium phosphate, pH 6.5, 100 M ascorbate, and 0.1 M TcAPX was incubated at room temperature for 5 min. The background rate of ascorbate oxidation was determined, and the reaction initiated by addition of 20 M H 2 O 2 . Enzyme activity was calculated by using a value of 2,880 M Ϫ1 ⅐cm
Ϫ1
. Data were analyzed by fitting to a rectangular hyperbola (KINENORT program, A. G. Clark, Victoria University of Wellington, Wellington, New Zealand). The time-dependent inactivation of TcAPX was followed by incubating 2 M peroxidase with H 2 O 2 or sodium azide in 50 mM sodium phosphate buffer, pH 6.5. At time intervals, the residual TcAPX activity was determined.
To measure activity in parasite extracts, epimastigotes in the logarithmic phase of growth were pelleted and washed in 50 mM sodium phosphate buffer, pH 6.5. The cell pellet was resuspended (2-5 ϫ 10 9 cells) in sodium phosphate buffer containing protease inhibitors (Roche Molecular Biochemicals) and 100 M ascorbate, and the cells lysed by freeze-thawing three times. The lysate was clarified and the supernatant dialyzed against 50 mM sodium phosphate buffer, pH 6.5, containing 100 M ascorbate at 4°C. TcAPX activity of extracts was measured by following the change in absorbance at 340 nm due to NADPH oxidation. A standard reaction (1 ml) containing 50 mM sodium phosphate, pH 6.5, 100 M ascorbate, 50 M trypanothione disulfide, 200 M NADPH, 0.5 M TR, and 100 g of parasite extract was incubated at room temperature for 5 min. The background rate of NADPH oxidation was determined, and the reaction initiated by addition of 20 M H 2 O 2 . Enzyme activity was calculated by using an value of 6,220 M Ϫ1 ⅐cm
. Assays were performed in triplicate.
Construction of T. cruzi Vectors and Parasite Transformation.
The vector used for the localization of the TcAPX was constructed as follows. The primers ggatccATGGCTTTTTGTTTTGGTTCA and gatatcTTTTGACTCTGCTGGGAGAGA were used to amplify the TcAPX coding sequence from genomic DNA. The amplified fragment was purified and ligated into the BamHI͞EcoRV sites of the T. cruzi vector pTEX-9E10 (19) . The ligation was performed such that a c-myc-derived epitope (9E10) was inserted in-frame at the 3Ј end of the peroxidase gene to produce pTEX-APX-9E10. For overexpression studies the entire TcAPX ORF was ligated into the expression vector pTEX (20) . After electroporation transformed T. cruzi were selected by using the conditions described (21) .
Localization by Immunofluorescence. Trypanosomes, expressing an epitope-tagged form of TcAPX, were fixed, then permeabilized (9) . Cells were incubated with 10% FBS (Sigma) diluted in PBS (137 mM NaCl͞4 mM Na 2 HPO 4 ͞1.7 mM KH 2 PO 4 /2.7 mM KCl) and colabeled with a mouse anti-c-myc (9E10) antibody (Santa Cruz Biotechnology) (1:200) and rabbit anti-TbBiP serum (1:400) (J. D. Bangs, University of Wisconsin Medical School, Madison). Dilutions were performed as indicated. After 90 min, the slides were extensively washed in PBS then incubated for 60 min with AlexaFluor 488 goat anti-mouse and Alexa-Fluor 546 goat anti-rabbit serum (Molecular Probes) both diluted 1:400. Parasite DNA was then stained with 5 M TOTO-3 (Molecular Probes) in PBS.
Images were obtained by using a Zeiss axioplan LSM 510 confocal microscope.
Drug Sensitivity Experiments. Epimastigotes in the logarithmic phase of growth were seeded at 5 ϫ 10 5 ml Ϫ1 into multiwell plates in 2 ml of growth medium supplemented with the agent under investigation. After 5 days growth at 27°C, cell density was determined and the concentration that inhibited parasite growth by 50% (IC 50 ) established (22) .
Results
Isolation of a T. cruzi Ascorbate Peroxidase Gene. A T. cruzi EST (AI057674) (23) was identified as encoding an internal region of a putative APX. DNA primers were designed and used in reverse transcription-PCR with primers against either the T. cruzi spliced leader or poly(A) tail. This design generated two overlapping products: a 690-bp fragment that contained the 5Ј end of the gene and a 780-bp fragment that contained the 3Ј end (Materials and Methods). To show that these fragments were contiguous, primers that overlapped the start and stop codons were used to amplify the complete ORF from T. cruzi genomic DNA. This amplification produced a fragment of 987 bp with the potential to encode a 33-kDa protein (designated TcAPX). Examination of the protein sequence ( Fig. 1 ) indicated that TcAPX is related to the class I group of hemoperoxidases having 30-35% identity to plant APXs. When compared with the cytosolic APXs, TcAPX contains an amino-terminal extension of 55 residues. Many other APXs display such a feature, which is generally associated with targeting to an organelle, commonly the chloroplast. The amino extension of TcAPX is distinct in that it contains a positively charged region followed by a stretch of 24 hydrophobic amino acids that have the potential to form a transmembrane domain (Fig. 1 ). Several APXs have been shown to be membrane-associated, but usually the transmembrane domain is toward the carboxyl terminus (14) . This amino acid topology is also reminiscent of the signal sequences that target proteins to the ER or plasma membrane (24) . In addition, TcAPX also contains three regions conserved among plant APXs (Fig. 1 ). These sequences are believed to form an ascorbateinteracting surface adjacent to the distal heme-binding ligand (14, 25) . This configuration brings ascorbate into close proximity with the heme moiety. One feature that does distinguish TcAPX from the plant enzymes is the presence, close to the carboxyl terminus, of a positively charged 17-aa insert of unknown function (Fig. 1) .
The genomic organization and expression of TcAPX was determined by DNA͞RNA hybridization and by CHEFE analysis. TcAPX is a single-copy gene localized on a 1,700-kb chromosome and is expressed in epimastigotes as a 1.9-kb transcript (data not shown).
Biochemical Properties of TcAPX. To investigate peroxidase activity, TcAPX was cloned into pTrcHis-C and expressed in E. coli. In this system, TcAPX is expressed as a recombinant protein tagged at its amino terminal with a histidine-rich sequence and an epitope detectable with the anti-Xpress monoclonal antibody (Invitrogen). The only construct that gave active, soluble protein was a deletion derivative in which the recombinant protein lacked the aminoterminal extension (Fig. 1 ). After induction with isopropyl ␤-Dthiogalactoside this construct generated a 30-kDa protein that could be readily purified by one round of affinity chromatography on a nickel-nitrilotriacetic acid column ( Fig. 2A) .
Substrate specificity was investigated by using ascorbate as electron donor, which involved monitoring changes in absorbance at 290 nm in response to either H 2 O 2 , t-butyl hydroperoxide, or cumene hydroperoxide. Assays were performed by using purified recombinant TcAPX or E. coli extracts that had been affinitypurified in parallel. Such control assays accounted for any background autooxidation of ascorbate and any E. coli peroxidase activity that may have copurified. These experiments confirmed that TcAPX could use ascorbate as an electron donor and that the substrate range was restricted to H 2 O 2 ; no activity toward the other hydroperoxides was observed. To investigate the type of kinetics that TcAPX displays toward ascorbate and H 2 O 2 , assays were performed by using various concentrations of H 2 O 2 against fixed concentrations of ascorbate (Fig. 2) (Fig. 2C) . This analysis generated a series of linear slopes for all ascorbate concentrations and these slopes converged to allow the true K M for H 2 O 2 of 3.1 Ϯ 0.5 M to be determined (Fig. 2C) . Secondary plot analysis of these data gave a V max value of 9,940 Ϯ 489 nmol of ascorbate oxidized min Ϫ1 ⅐mg
Ϫ1
and a substrate specificity (K cat ͞K M ) value of 3.5 ϫ 10 6 M Ϫ1 ⅐s
. To determine whether TcAPX activity could be saturated by ascorbate, secondary plot analysis of [ascorbate]͞app V max against [ascorbate] was performed (Fig. 2B) , which produced a linear plot and allowed the true K M for ascorbate of 192 Ϯ 19 M to be determined.
Both enzymatic and nonenzymatic mechanisms for the regeneration of ascorbate from its oxidized DHA form have been postulated in T. cruzi (16, 26) . To address this issue, the soluble fraction of dialyzed T. cruzi cell extracts was assayed for DHA reductase activity by monitoring the oxidation of NADPH to NADP ϩ (data not shown). These reactions were performed in the presence of recombinant TcAPX and ascorbate and initiated by addition of H 2 O 2 . No activity was detected unless trypanothione and excess TR were added to the reaction. Moreover, this activity could be reconstituted in the presence of trypanothione and its associated reductase when cell extracts were omitted from the assay, which suggests that DHA reduction occurs at the expense of T[SH] 2 by a nonenzymatic process (Fig. 2 ), in agreement with earlier studies (26) .
The spectral properties of TcAPX were examined to determine whether it had the typical absorption spectrum of a heme-binding APX (Fig. 3A) . In its resting state TcAPX has a Soret absorption peak at 413 nm with minor peaks in the visible spectrum at 531 and 559 nm (Fig. 3A) . Addition of H 2 O 2 resulted in a shift in the Soret absorption peak to 421 nm and an increase in absorption at the other two wavelengths (Fig. 3A) . In other APXs, spectral changes of this type stem from the H 2 O 2 -mediated oxidation of the ferric iron within the ''resting enzyme'' to the oxyferryl (Fe 4ϩ ϭ O) form. Initially, on formation of the oxyferryl form, a free radical is generated on the heme ring (compound I), which is then sequentially reduced by ascorbate, first to compound II (the oxyferryl form without the associated free radical) and then finally back to the resting state. In the experiments conducted here, ascorbate was present within the assay and, therefore, the formation of compound I was not observed. The spectral properties observed in this experiment for the oxidized enzyme are due to the compound II form of TcAPX.
Sodium azide and H 2 O 2 have been shown to inactivate the heme moiety in APXs (27). To ascertain whether TcAPX displayed similar properties, the enzyme was incubated with different concentrations of these agents and the residual peroxidase activity was determined at various time intervals (Fig. 3 B and C) . In the absence of ascorbate, both sodium azide and H 2 O 2 inhibited TcAPX activity in a concentration-and time-dependent manner. These inhibition profiles, in conjunction with the spectral and sequence data, strongly indicate that TcAPX is a heme-containing enzyme. Consistent with this finding, addition of the heme precursor ␦-aminolevulinic acid significantly increased the yield of active recombinant protein when added to the bacterial growth medium.
Localization of TcAPX in T. cruzi. The subcellular location of TcAPX was examined by expressing a tagged version of the enzyme by using the T. cruzi vector pTEX-9E10 (19) . We have used this system for the subcellular location of mitochondrial and cytosolic peroxire- 
cruzi TcAPX (AJ457987). 2, A. thaliana stromal APX (CAA67425). 3, A. thaliana thylakoid APX (CAA67426). 4, A. thaliana cytosolic, soluble APX (Q05431). 5, A. thaliana membrane associated APX (CAA66640). 6, P. sativum cytosolic, soluble APX (P48534).
doxins (10) . The TcAPX ORF was ligated upstream of a 10-aa epitope from the human c-myc protein. The vector was introduced into T. cruzi and G418-resistant cells selected. These were verified by hybridization (data not shown) and by Western blot analysis with a monoclonal antibody against the epitope (Fig. 4A) , which recognized a 33-kDa band corresponding to the tagged protein in transformed cell lines and did not crossreact with wild-type T. cruzi cell extracts. Transformed T. cruzi cells were fixed, permeablized, and costained with the monoclonal antibody and the DNA dye, TOTO-3, which resulted in a punctate pattern within the cell body, with a high degree of labeling around but not within the nucleus. This type of pattern has been observed in trypanosomes for proteins found within the ER (9, 28) . To confirm this observation, parasites were costained additionally with antiserum raised against the T. brucei ER-resident chaperone, BiP (28) (Fig. 4B, 2 and 3) . When the images were superimposed, the pattern of colocalization (Fig. 4B,  4 and 6) indicated that TcAPX is predominately located in the same compartment as BiP.
Overexpression of TcAPX in T. cruzi Confers Resistance Toward Exog-
enous H2O2. The ORF of TcAPX was amplified from genomic DNA and cloned into the vector pTEX (20) . The resultant construct, pTEX-APX, was used to transform T. cruzi. The presence of multiple copies of the episome within the parasite was verified by Southern hybridization and elevated expression confirmed by RNA hybridization (data not shown). The higher level of expression was also detected as an approximately 5-fold increase in trypanothionedependent, ascorbate-mediated peroxidase activity in transformed cell extracts compared with that of the wild-type (512 Ϯ 31 vs. 108 Ϯ 15 nmol NADPH oxidized min Ϫ1 ⅐mg
Ϫ1
). The transformed and wild-type cell lines were grown in the presence of H 2 O 2 and the IC 50 was determined (Fig. 5 ). When exposed to exogenous H 2 O 2 , the TcAPX overexpressing cell line showed an approximately 2-fold increase in resistance compared with controls. Cells expressing the c-myc-tagged version of the protein also displayed increased APX activity and exhibited a similar H 2 O 2 -resistance phenotype. The generation of reactive oxygen species has been implicated in the mechanism of action of the trypanocidal agents nifurtimox, benznidazole, and gentian violet (29, 30) . By using the approach described in Fig. 5 , we investigated whether overexpression of TcAPX conferred resistance against these agents. No significant differences between overexpressing and control cell lines were observed.
Discussion
This article describes the first instance, to our knowledge, of an ascorbate-dependent hemoperoxidase in a nonphotosynthetic organism. On the basis of amino acid sequence and subcellular location, hemoperoxidases can be divided into three major classes (31) . Class I includes the intracellular peroxidases, which can be further subdivided into the bacterial catalase-peroxidases and plant APXs, with TcAPX falling into the latter group. The secreted peroxidases of fungal and plant origin form the remain- ing classes. Extensive structural analysis of class I hemoperoxidases has revealed that, although they share low sequence identity, their three-dimensional structures are conserved, suggesting that similar mechanisms are used to mediate H 2 O 2 reduction (25, 32) . This conservation is pronounced in the two regions that together allow binding of the heme cofactor and thus constitute part of the redox active center of the enzyme. The distal heme-binding ligand involves hydrogen bond formation between tryptophan (W41), histidine (H42), and arginine (R38) ( Fig. 1 ; numbering in accordance with the Pisum sativum cytosolic APX crystal structure; ref. 25) with R38 binding through a water molecule to the heme ring. The proximal heme-binding ligand involves hydrogen bonding between histidine (H163), tryptophan (W179), and aspartate (D208), with H163 binding directly to heme. In TcAPX, all six amino acids are present at equivalent positions ( Fig. 1 ; distal binding ligand residues at R89, W92, and H93; proximal binding ligand residues at H217, W233, and D278), suggesting that this enzyme functions in a manner mechanistically similar to plant APXs.
Analysis of the absorbance spectra (Fig. 3) confirms that TcAPX is a hemoperoxidase, an activity previously thought absent from trypanosomatids. The profiles show the characteristic shift in the Soret peak after H 2 O 2 treatment that corresponds to a change in the valance state of the iron atom within the heme moiety. Furthermore, TcAPX activity could be inhibited by H 2 O 2 and sodium azide (Fig. 3) and we observed increased production of active recombinant protein in the presence of the heme precursor ␦-aminolevulinic acid.
APXs display different types of enzymatic properties toward ascorbate. For those that exist predominantly as homodimers, such as the cytosolic APXs from peas and soybean, pseudo first-order kinetics have been observed (33, 34) . In contrast, monomeric forms such as the peroxisomal APX from spinach and APXs from various unicellular algae obey Michaelis-Menten kinetics (35, 36) , which has led to the suggestion that the kinetics displayed by the homodimeric enzymes may be due to variation in the oligomeric form of the protein, especially when ascorbate concentrations are low (33) . For TcAPX, a K M value for ascorbate could be determined when using saturating concentrations of H 2 O 2 , indicating that this enzyme displays kinetics similar to the monomeric APXs (Fig. 2) (35, 35, 46) . Further evidence that TcAPX is monomeric can be inferred from the sequence; TcAPX lacks many of the charged residues present in P. sativum cytosolic APX that have been implicated in homodimer formation (Fig. 1) . When the effect of ascorbate on TcAPX activity was examined further at a range of H 2 O 2 concentrations, a group of converging plots was obtained (Fig. 2) , which allowed the K M value for H 2 O 2 to be calculated (3.1 M). In general, APXs, including TcAPX, have high affinity for H 2 O 2 , in contrast to other H 2 O 2 -metabolizing enzymes such as catalase. These differences may reflect biological function with enzymes such as APX being more effective when H 2 O 2 levels are low (37) .
Two peroxide-metabolizing enzymes have now been localized to the ER of T. cruzi, TcAPX and the glutathione-dependent peroxidase, TcGPXII (9) . These enzymes have distinct substrate ranges with TcGPXII restricted to fatty acid and phospholipid hydroperoxides. Therefore, it seems that TcAPX complements TcGPXII giving the parasite the ability to deal with a range of oxidant challenges in this organelle. In eukaryotes many proteins are synthesized and undergo posttranslational modification in the ER. These processes require an oxidized environment, which is re- flected in a relatively low GSH:GSSG ratio (approximately 2:1 compared with approximately 50:1 in the cytosol) and the presence of enzymes that produce oxidizing compounds (38) (39) (40) . Paradoxically, in the ER and associated vesicular structures, millimolar levels of ascorbate have been reported (41, 42) . To maintain these levels the oxidized form of the vitamin, DHA, is preferentially transported into the lumen of the ER where it undergoes reduction to ascorbate (43, 44) . In most organisms ascorbate regeneration can occur nonenzymatically by, for example, interaction with glutathione, or by means of the activity of enzymes including protein disulfide isomerase and DHA reductase (44, 45) . In trypanosomatids both enzymatic and nonenzymatic mechanisms have been postulated for this recycling process (16, 26) . We were able to confirm the findings of Krauth-Siegel and Ludemann (26) regarding the nonenzymatic mechanism of this reaction in T. cruzi (Fig. 2) .
Overexpression of components of the T. cruzi oxidative defense system can lead to altered sensitivity toward trypanocidal agents and exogenous hydroperoxides (7, 10, 46) . Here we found that elevated levels of TcAPX confer increased resistance toward exogenous H 2 O 2 (Fig. 6) . Because H 2 O 2 is an uncharged molecule, it can cross biological membranes and is able to access organelles. Thus, overexpression of TcAPX can prevent potentially lethal damage that results from the interaction of H 2 O 2 with components of the ER. Although the precise mechanisms by which the trypanocidal agents nifurtimox, benznidazole, and gentian violet function are unknown, the generation of reactive oxygen species has been implicated (29, 30) . Cell lines expressing elevated levels of TcAPX did not show increased resistance to these agents. Therefore, it can be inferred that their trypanocidal activity does not result from H 2 O 2 -mediated damage within the ER.
With the characterization of TcAPX, we have now identified five peroxidases in T. cruzi, each of which has a distinctive substrate specificity and subcellular location. Our finding that peroxide metabolism in T. cruzi is mediated by a series of linked and complementary pathways contrasts with earlier reports that the parasite is deficient in this aspect of oxidative defense. The plantlike nature of this hemoperoxidase suggests that it may have an origin early in the evolution of the trypanosomatid lineage. Some other trypanosome enzymes, including the T. cruzi peroxidase, TcGPXI (9, 10), share surprising similarity with their plant counterparts and it has been suggested that this similarity may reflect an engulfment and gene transfer event in the evolution of these organisms (9, 47) . No mammalian equivalent exists to the ascorbate-dependent peroxidase and, therefore, the redox pathway together with the mechanisms by which trypanosomes scavenge and͞or synthesize ascorbate should be considered as potential drug targets.
